The development of the different, highly specialized regions of the mammalian cerebral cortex depends in part on neural activity, either intrinsic spontaneous activity or externally driven sensory activity. To determine whether patterned sensory activity instructs the development of intrinsic cortical circuitry, we have experimentally altered the modality of sensory inputs to cerebral cortex. Neonatal diversion of retinal axons to the auditory thalamus (cross-modal rewiring) results in a primary auditory cortex (AI) that resembles visual cortex in its response properties and topography (Roe et al., , 1992 . To test the hypothesis that the visual response properties are created by a visually driven reorganization of auditory cortical circuitry, we investigated the effect of early visual experience on the development of intrinsic, horizontal connections within AI. Horizontal connections are likely to play an important role in the construction of visual response properties in AI as they do in visual cortex. Here we show that early visual inputs to auditory thalamus can reorganize horizontal connections in AI, causing both an increase in their extent and a change in pattern, so that projections are not restricted to the isofrequency axis, but extend in a more isotropic pattern around the injection site. Thus, changing afferent modality, without altering the source of the thalamocortical axons, can profoundly alter cortical circuitry. Similar changes may underlie cortical compensatory processes in deaf or blind humans and may also have played a role in the parcellation of neocortex during mammalian evolution.
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The role of sensory inputs in specif ying the regional characteristics of cerebral cortex has been a matter of considerable debate among developmental neuroscientists (Rakic, 1988; O'Leary, 1989; Pallas, 1990; Sur et al., 1990; Levitt et al., 1997) . The identity and pattern of activity within the thalamocortical inputs may play an important role in cortical regionalization (Katz and Shatz, 1996; C atalano and Shatz, 1998) . To test the hypothesis that certain aspects of cortical regional identity are instructed by thalamic activity patterns, independent of molecular cues on thalamocortical axons, we investigated whether the intrinsic circuitry of sensory cortex can be altered by changing the modality but not the source of thalamocortical inputs during development. By diverting the retina to the auditory thalamus (MGN) early in development, the modality and thus activity pattern of the inputs to auditory cortex can be altered without manipulating the thalamocortical pathway that carries the novel information. This "cross-modal rewiring" paradigm also allows us to ask whether different cortical areas are f unctionally interchangeable if they are driven by the same sensory epithelium. Previous results have shown that auditory cortex that has received visual input during postnatal development resembles primary visual cortex in its topography and receptive field properties (Sur et al., 1988; Roe et al., , 1992 . Our goal was to determine whether this similarity is caused by a modification of the intrinsic circuitry of the AI by the visual inputs during development, or alternatively, whether the visual afferents make use of pre-existing similarities in processing circuitry between visual and auditory cortex.
Each sensory cortical area has a number of unique structural and functional attributes. The pattern of horizontal connections between neurons within a cortical area is one striking example. These connections may be important in constructing the characteristic receptive field properties seen in each region of sensory cortex. In mammalian visual cortex, horizontal projections are arranged in a roughly circular pattern, depending on the species (Rockland and Lund, 1982; Gilbert and Wiesel, 1983; Matsubara et al., 1985 Matsubara et al., , 1987 Callaway and Katz, 1990; Weliky and Katz, 1994; Durack and Katz, 1996; Ruthazer and Stryker, 1996; Bosking et al., 1997) , and connect neurons with similar orientation tuning (Gilbert and Wiesel, 1979; T'so et al., 1986; Gilbert and Wiesel, 1989; Malach et al., 1993) . In auditory cortex, neurons within an isofrequency domain are interconnected, forming an elongated strip of horizontally projecting axons (Reale et al., 1983; Imig et al., 1986; Matsubara and Phillips, 1988; Ojima et al., 1991; Wallace and Bajwa, 1991) . Early in development, horizontal projections are widespread, but become progressively more restricted under the influence of neural activity Katz, 1990, 1991; Weliky and Katz, 1994; Ruthazer and Stryker, 1996) . This study addresses whether the organization of specific horizontal connections can be altered by changing the modality and thus the patterned activity of thalamocortical inputs during development. Alterations in horizontal connections may play an important role in organizing the visual receptive field properties and retinotopy that have been reported in cross-modal AI (Roe et al., , 1992 .
MATERIALS AND METHODS
The effect of early visual inputs on the pattern of horizontal connectivity in auditory cortex was investigated by making small injections of biotinylated dextran amine (BDA) in AI of adult cross-modal and normal ferrets. Specific procedures are detailed below. Animals. Timed pregnant ferrets were purchased from Marshall Farms (North Rose, N Y), and their kits were used in the cross-modal group. Normal animals were purchased as adults. All animals were kept on a 16/8 light /dark cycle and fed ferret chow and water ad libitum. The animals were treated in accordance with all institutional (Institutional Animal C are and Use Committee), Society for Neuroscience, and National Institutes of Health guidelines for Animal C are and Laboratory Use. Fifteen control and twelve experimental ferrets were used in this study. Seven representative cases from each group were analyzed quantitatively. E xcluded cases had poor injections, insufficient transport, or small lesions.
Neonatal induction of cross-modal projections. To route retinal axons to the auditory thalamus and thus alter the modality of thalamocortical input, specific lesions were made in ferret kits (Sur et al., 1988; Angelucci et al., 1998) . The aim was to reduce normal targets of the retina and to deafferent the medial geniculate nucleus (MGN; auditory thalamus), thus inducing the retinal axons to innervate MGN and provide the auditory pathway with visual information. Within 24 hr after birth, neonates were placed on a heating pad and anesthetized with isoflurane. A small incision was made along the midline of the scalp, and the midbrain was exposed by removing a flap of bone. A heat cautery was used to ablate the inferior colliculus (IC) bilaterally, the superficial part of the left superior colliculus (SC), and the left visual cortex (V1). In addition, the brachium of the inferior colliculus (BIC) was severed. After recovery from the surgery, the kits were returned to the animal colony. Supportive care and analgesics were given as necessary throughout the recovery period.
BDA tracer injections. Biotinylated dextran amine was chosen as a tracer to reveal horizontal projections because of its ease of use, its ability to travel anterogradely, and its stability. After administration of atropine (0.04 mg / kg) and doxapram (2 mg / kg), adult ferrets (120 d or older) were preanesthetized with ketamine (40 mg / kg) combined with xylazine (1-2 mg / kg) or diazepam (2 mg / kg). Amoxicillin (30 mg / kg) was then injected as a prophylactic against infection, followed by dexamethasone (40 mg / kg) to prevent brain edema. An endotracheal tube was placed to deliver isoflurane anesthesia and oxygen, and the cephalic vein was cannulated for fluid therapy during the surgery. The head was fixed in a stereotaxic device, and electrodes were placed for monitoring of heart rate and respiration. A deep state of anesthesia was maintained with 1.25-2% isoflurane. The surgery was then performed under strict aseptic conditions. A flap of skin and muscle was removed from above the lateral cortex. A hole was drilled in the skull to expose the primary auditory cortex (AI), and the dura was retracted. A volume of 50 -150 nl of 10% BDA in sterile saline was injected through a micropipette (tip diameter, 15-25 m) with the aid of a Picospritzer II (General Valve, Fairfield, NJ). One injection per hemisphere was made 300 -500 m below the pia, into the superficial layer 2/3 of AI, approximately in the center of the ectosylvian gyrus where AI is located (Fig. 1 A) (Kelly et al., 1986) . The BDA was injected slowly over 15-20 min. The opening in the skull was then covered by a piece of sterile plastic film attached with dental cement. The muscle was sutured, and the incision was closed. The ferret was supervised closely until it recovered from the anesthesia, and was given supportive care and analgesics as necessary throughout the recovery period.
Tracing of retinal projections. To ensure that the visual inputs were successf ully routed into the MGN in cross-modal animals, cholera toxin (B subunit, 1%, 6 l; List Biological Labs, C ampbell, CA) was injected into the posterior chamber of each eye at the end of the BDA injection surgery. Several normal animals were also given eye injections as a control (Pallas and Moore, 1997) . Animals were monitored postsurgically and given topical ophthalmic antibiotics and anti-inflammatory drugs (dexamethasone, 40 mg / kg) if necessary.
Histolog y and immunoc ytochemistr y. After 4 -5 d survival, animals were overdosed with sodium pentobarbital (65 mg / kg) and perf used through the heart with 0.1 M PBS followed by 2% paraformaldehyde for 10 min. The brains were quickly extracted from the skull, and the thalamus and midbrain were separated from each hemisphere. The cortical hemispheres were then gently flattened between two weighted glass plates. After flattening, the tissues were post-fixed with 4% paraformaldehyde in 30% sucrose/0.1 M phosphate buffer (PB) at 4°C for 24 hr. The brain tissue was then sectioned frozen at 50 m in a tangential (cortical hemispheres) or coronal (midbrain and thalamus) plane. The sections were collected in 0.1 M PB. One set of sections at 200 m intervals was mounted onto gelatin-subbed slides for Nissl staining with cresylecht violet. The other sections were used for immunocytochemistry.
To visualize the anterograde labeling resulting from the BDA injections, the cortical sections were rinsed with 0.1 M PBS plus 0.3% Triton X-100 three times for 15 min, then left in same solution for 1 hr. They were then reacted with ABC complex (Vectastain Elite; Vector Laboratories, Burlingame, CA) for 1-1.5 hr at a dilution of 1:500 in 0.1 M PBS containing 0.3% Triton X-100. After thoroughly rinsing in buffer, a diaminobenzidine (DAB) reaction with 0.02% DAB and 0.008% hydrogen peroxide was performed. The reactions were intensified by adding 2% nickel ammonium sulfate and 0.68% imidazole (Tago et al., Figure 1 . A, Drawing of the left side of a ferret brain, with the location of the sulci surrounding AI noted. The arrow shows the approximate location of the tracer injections. aes, Anterior ectosylvian sulcus; pes, posterior ectosylvian sulcus; sss, suprasylvian sulcus; pss, pseudosylvian sulcus. B, I llustration of methods used for making polar plots of bouton distribution. The arrow shows the tracer injection site, and the camera lucida drawing of the resulting label is superimposed on the polar plot. With the injection site as the origin, the polar coordinates of the center of each bouton cluster were recorded. Lines were drawn through the center of each bouton cluster to arrive at the plots shown in Figures 6 and 7. The dashed lines indicate the sulci surrounding AI and show how the plots were oriented.
1989). The sections were then mounted onto gelatin-subbed slides, dehydrated, cleared in xylene, and coverslipped with Permount (Fisher, Pittsburgh, PA).
The cholera toxin labeling of thalamus was visualized with an antibody to the toxin. The sections were rinsed with 0.1 M PBS with 0.3% Triton X-100 and 0.34% sodium azide and treated with 0.1 M glycine for 1 hr. The nonspecific binding was blocked with 3% normal rabbit serum (Vector Laboratories, Burlingame, CA) for 1 hr. The sections were then transferred into the primary antibody (goat anti-cholera toxin, 1:2000; List Biological Labs) with 3% normal rabbit serum at 4°C for 3 d. The sections were rinsed again and placed in C y-2-conjugated rabbit anti-goat secondary antibody (Jackson ImmunoResearch, West Grove, PA) with 3% normal rabbit serum for 4 hr in the dark. The sections were mounted, dried, cleared in xylene, and coverslipped with Krystalon (Diagnostic Systems, Gibbstown, NJ).
Bouton plotting and data anal ysis. Based on our own and others' studies of the location of normal ferret AI (Kelly et al., 1986; Phillips et al., 1988) and on our own anatomical and physiological studies on cross-modal ferrets Roe et al., 1990 Roe et al., , 1992 Pallas and Sur, 1993) , AI was defined as the region on the ectosylvian gyrus bounded by the anterior and posterior ectosylvian sulci, medial to the pseudosylvian sulcus ( Fig. 1 A) . In each case, sections at a depth of 300 -500 m under the pia (layer 2/3) were selected for three-dimensional plotting of boutons using a camera lucida and Neurolucida software (Microbrightfield, Burlington, V T) under a Z eiss Axiophot microscope at a magnification of 400ϫ. The location and size of clusters of boutons were also recorded. C lusters were drawn by a blind observer and defined according to the presence of concentrated boutons and the relatively clear-cut borders of each cluster. The isolated axons and radiating fibers around the injection site were excluded from measures of cluster area. Boutons were sometimes found lateral to the AI border in the region known as AII, but these were excluded from the analysis.
To quantitatively describe the bouton distributions of each animal, polar plots of bouton distribution were constructed ( Fig. 1 B) . The location of the injection site was defined as the plot origin. The angle and distance of individual bouton clusters relative to the injection site (polar coordinates) and their width and height were measured using Microbrightfield software. The horizontal axis (0 -180°) was not corrected for section tilt on each slide in plots of individual cases, but was normalized for interanimal comparisons. In that case, a straight line was drawn from the top of the pseudosylvian sulcus (pss) extending to the top center of the suprasylvian sulcus to normalize the angular orientation of sections. This allowed direct, location-matched comparison of the bouton cluster distributions in AI of both normal and cross-modal animals. Other quantitative measures taken were bouton density (number of boutons per cluster area), the SD in the location of each bouton cluster compared with the location of all clusters (eccentricity, or how scattered the clusters were), the percent coverage or zone of influence of all boutons together [obtained by drawing a perimeter through the center of the outermost bouton clusters (Fig. 1 B) and dividing that area by the area of AI], and the proportion of AI occupied by the clusters themselves (obtained by determining the area covered by each cluster, adding all cluster areas in each case, and calculating a percentage of the total area of AI). To compare cluster eccentricity between animals, polar plots from different cases were aligned by rotating the y-axis of each plot by the number of degrees necessary to match the orientation of the cluster vector closest to horizontal. Comparisons were made in each 90°sector of the map to analyze spatial differences across the extent of AI. Statistical comparisons were done using a Pearson's correlation coefficient analysis or t test as indicated, and all measurements were quoted as means Ϯ SE.
RESULTS
In the following, we report on how the qualitative features (laminar and tangential) of the horizontal connections revealed by the BDA injections differ in normal compared with cross-modal AI, followed by an account of the quantitative differences between the two groups. The BDA injections labeled numerous clusters of boutons within AI. In general, we found that the horizontal connectivity patterns in normal ferret AI are organized as they are in cats, in a strip corresponding to the isofrequency axis [which runs anteroposteriorly in ferrets (Kelly et al., 1986; Phillips et al., 1988) , perpendicular to its orientation in cats]. However, the bouton clusters in the cross-modal cases were more uniformly arranged and were not confined to an anteroposterior strip, suggesting that the early visual inputs directed a reorganization of the normal pattern.
Methodological considerations
A potential source of artifact with any tracer injection is variability in the size and the depth of the tracer uptake zone. To overcome this drawback, we marked the tip of the injection micropipette at 500 m intervals so that depth of the pipette placement could be measured and thus controlled. The injections were also done slowly (over 15-20 min) to prevent brain injuries caused by pressure buildup. We did note that when the injection amount of BDA was Ͼ200 nl or when the depth of the injection pipette was close to layer 6 and the white matter, the anterograde labeling was very variable, and thus those cases were excluded from this study.
We did not attempt to analyze labeled terminals that were within 500 m of the injection site. There were two reasons for this: the high density of labeled processes and terminals close to the halo from the injection made it difficult to obtain an accurate impression of them, and also the local axonal projections may arise from a different class of axon collaterals (Ojima et al., 1991; Dalva and Katz, 1994) , including inhibitory interneurons.
Injection size and location
The BDA injections were located approximately in the center of AI to facilitate comparison across animals. They consistently produced good anterograde label in AI. Labeled axons were readily recognized even in the close vicinity of the injection site. In each case, there was necrosis at the core region of the injection site and a halo zone a short distance around it. Only in the core region was the labeling obscured by the dark reaction product. In Figure 2 A a typical injection site is shown, and neuronal fibers can be seen streaming in an anterograde direction away from the site. These BDA injections produced label in a series of patches or clusters at a distance from the injection site (Fig. 2 B) . The clusters varied in the density of their neuronal processes as well as their bouton density (Fig. 2C ). Clusters were more dense near the sulcal borders. In addition to the labeled axonal terminals, a few retrogradely labeled somata were also seen (Fig. 2 B) , although they tended to lie outside of the bouton clusters.
Care was taken to make comparably sized BDA injections in all animals to ensure that any differences seen between normal and cross-modal cases were not caused by this variable. To ensure that the variation was similar in normal and cross-modal groups, the core of the injection as well as the diameter of the halo of label surrounding the injection site were measured (Table 1) . The injection sites were small (mean core diameter of 417 Ϯ 30.6 m in normal animals and 366 Ϯ 33.7 m in cross-modal animals, and a mean halo diameter of 565 Ϯ 60.1 m in normal animals compared with 507 Ϯ 34.7 m in cross-modal animals), and did not differ significantly between normal and experimental animals (for core size, p ϭ 0.27; for halo size, p ϭ 0.420). Furthermore, injection size was not significantly correlated with the number of labeled bouton clusters within each group (see below) (r ϭ 0.089 for normal and 0.268 for cross-modal cases). Thus, injection size was unlikely to be a factor in the differences seen between normal and cross-modal cases. We did note that with very large injections (Ͼ200 nl of BDA and 1000 m diameter injection sites), the anterograde label was distributed more widely, as would be expected in normal animals if the injection crossed many isofrequency lines (Wallace and Bajwa, 1991) . Such cases were not included in this study.
Relationship between lesion size and retinal axon rerouting
A second technical variable that required consideration was the fact that the amount of retinal axon rerouting into the MGN depends on the size of the neonatal lesions (Angelucci et al., 1997 (Angelucci et al., , 1998 . For this reason, lesions were reconstructed and ranked as large (Ͼ75% of the midbrain absent), medium (50 -75% of the midbrain absent), or small (Ͻ50% missing). Of the seven cross-modal ferrets used in this study, two had a large lesion (9836 and 9869), four had a medium lesion (9834, 9837, 9865, and 9823) , and one had a small lesion (9819). When the pattern of anterograde retino-MGN label from eye injections was analyzed, we found that 100% of the cross-modal ferrets had retino-MGN axons, and four of seven had numerous such axons. Retinal axons were very rarely seen in MGN of normal animals; in the course of several investigations using intraocular cholera toxin injections, we have seen retino-MGN axons in Ͻ10% of animals (n ϭ 57), and then only one axon was observed that appeared to have strayed slightly from the medial border of the LGN (Pallas and Moore, 1997) .
Although the cases used in this study varied in lesion size and extent of cross-modal rewiring, the lack of multiple cases at each lesion size prevented us from firmly relating any observed differences in horizontal connectivity patterns to this variable. It is possible that with a larger study involving a wider variety of lesion sizes an effect could be seen, and this would be an interesting avenue for further investigation.
Tangential distribution of horizontal connections
The observed differences in the tangential distribution of bouton clusters between normal and cross-modal cases were analyzed qualitatively with respect to their number and mediolateral or anteroposterior location. The distribution of clusters in the tangential plane was clearly different in normal animals as compared with cross-modal animals. The clusters in normal animals were distributed mainly in strips extending anteriorly and posteriorly away from the injection site up to the anterior ectosylvian and posterior ectosylvian sulci (Fig. 3A) . The anteroposterior axis corresponds to the isofrequency axis of the tonotopic map in these animals (Kelly et al., 1986; Kelly and Judge, 1994) . However, in cross-modal animals, in addition to those axons extending along the isofrequency axis, the injections also labeled axons that extended medially, forming bouton clusters in medial AI (Fig.  3B) . Along with bouton clusters located outside of anteroposterior strips, we noted that there were more clusters in cross-modal than normal AI, and they were noticeably more widespread in their distribution pattern when compared with the bouton clusters in normal AI.
To illustrate cluster distribution and confirm our light microscopic observations, the locations of all labeled boutons within layer 2/3 were mapped at high magnification (400ϫ). In Figure 4 , bouton distributions in one representative tangential section are shown for four normal and four cross-modal cases. In the reconstructions from normal animals (Fig. 4, top) , it can be seen that the BDA-labeled axonal arbors extended mainly anteriorly and posteriorly from the injection site and formed patches distributed along the anteroposterior axis. Clusters could be identified and followed through several serial tangential sections.
In contrast to normal cases, in cross-modal cases the bouton clusters were arranged in a semicircular pattern around the injection site (Fig. 4, bottom) . In all seven of the cross-modal animals used in this experiment, the clusters were distributed in this semicircular pattern, whereas in normal animals the pattern was elongated. The presence of bouton clusters at the medial crown of the ectosylvian gyrus was in striking contrast to what was seen in normal AI, and in addition to being distributed more Figure 2 . BDA injections were made into layer 2/3 of AI in adult ferrets. A, An example of an injection site in a tangential section through AI. Note the relatively small and densely packed appearance of the halo and the fibers exiting the center. B, The BDA injections resulted in the labeling of several clusters of axon terminals in AI. This micrograph shows two such clusters, one very dense (arrowhead) and the other more sparse. C, At higher magnification, individual boutons within a patch can be seen. The locations of these boutons were mapped at high magnification and used for data analysis. Scale bar: A, 300 m; B, 150 m; C, 40 m.
widely, the clusters also appeared more numerous. Some clusters in both groups extended lateral to the top of the pseudosylvian sulcus into what was probably the secondary auditory area AII (Fig. 4 bottom, top lef t) Pallas and Sur, 1993) , but these were not included in f urther analyses. Figure 5 shows polar plots of the three-dimensional extent of the bouton distributions of the labeled clusters in normal (Fig. 5 , top) and cross-modal (Fig. 5, bottom) cases, corresponding to the reconstructions shown in Figure 4 . These plots were made by drawing a perimeter around the centers of the outermost bouton clusters (Fig. 1) , and they illustrate the overall extent of coverage of auditory cortex by horizontal connections; i.e., their zone of influence or coverage area. The polar plots of the coverage areas in normal animals were stripe-like and elongated anteroposteriorly along the isofrequency axis of the tonotopic map. In contrast, in cross-modal animals the coverage areas extended over a larger area of AI and were not strip-like, but were more circular or isotropic, with a rosette or fan shape.
The cluster distributions from all seven normal and seven cross-modal animals are summarized in Figure 6 . The labeled bouton clusters in normal AI were arranged in an elongated fashion on either side of the injection site in all cases. Within the anterior half of AI, the population of clusters was centered on a vector of 163°Ϯ 6.6, and in the posterior half it was centered at 14.8°Ϯ 7.5. Most bouton clusters in normal AI were located within these more anterior and posterior sectors of the polar plot, rather than in the medial (centered on 90°) and lateral (centered on 270°) sectors. There were no clusters in the sectors at 60 -90°o r 300 -330°and very few at 180 -300°. However, in the crossmodal cases all of these regions contained several clusters.
Quantitative analysis of bouton clusters
To characterize the distributions of labeled bouton clusters in both groups quantitatively, several measures were taken. To analyze the individual clusters, cluster size (diameter ϭ mean of height and width) and shape (elongation factor, as determined by the ratio of height to width) were measured. There were no significant differences between the normal and cross-modal groups in either cluster size (Table 1, Fig. 7A ; mean of normals, 790.4 Ϯ 30.89 m and mean of cross-modals, 812.1 Ϯ 26.80 m; p ϭ 0.6) or shape ( Fig. 7B; 1 .6 Ϯ 0.05 in normal and 1.5 Ϯ 0.04 in cross-modal; p ϭ 0.4), suggesting that the early visual inputs have no effect on the general morphology of bouton clusters. However, the visual input did have a significant effect on the number of bouton clusters contained within AI (Table 1 To analyze this difference further, a comparison of the distribution of bouton clusters was made between normal and crossmodal cases. Bouton density within the clusters was averaged and found to be similar in the two groups (3.26 Ϯ 0.91 boutons/1000 m 2 in normals and 3.72 Ϯ 0.63 in cross-modal cases; p ϭ 0.7). We found that the distribution of the distances of individual clusters to the center of the injection site was also similar in both groups (Fig. 7D, Table 1 ; p ϭ 0.5), demonstrating that although the clusters are more numerous in cross-modal than in normal AI, they maintain a similar lateral extent. However, this is not true when the entire zone of influence is considered. Because of the widespread nature of the clusters in the cross-modal cases, they have a much greater zone of influence ( Fig. 7E ; normal, 27.2 Ϯ 4.51%; cross-modal, 52.9 Ϯ 6.22%; p ϭ 0.001) compared with normal AI. Consistent with this, a measure of the proportion of AI occupied by the clusters themselves shows that they occupied significantly less of AI in normal than in cross-modal cases (7.2 Ϯ 1.36% in normals vs 14.8 Ϯ 2.60% in cross-modals; p ϭ 0.02). Thus, the horizontal projections from a given locus in AI can influence a larger extent of AI in cross-modal animals, even though the radius of influence (cluster distance from the injection site) does not change.
It is clear from the camera lucida reconstructions of labeled boutons that the bouton clusters are less likely to lie on the anteroposterior, isofrequency axis in cross-modal animals. To quantif y the degree to which bouton clusters varied away from the anteroposterior axis, a cluster eccentricity from this axis was calculated. This calculation of how far the labeled bouton clusters scattered from the axis was made by measuring the SD of clusters from their anteroposterior axis (eccentricity). The mean scatter was 884.5 Ϯ 61.87 m in cross-modal animals, which was significantly greater than the 619.1 Ϯ 60.82 m extent of scatter in normal animals ( p ϭ 0.005; Fig. 7F ).
In sum, these quantitative measures confirm the qualitative impressions presented above. The labeled clusters of boutons in cross-modal AI, although of similar size and shape, and comparable distance from the injection site, were more widely distributed than in normal animals, and were scattered f urther from the isofrequency axis, where they were in a position to influence a larger proportion of the cortical circuitry within AI.
Laminar distribution of horizontal connections
The pattern of horizontal connectivity in AI was analyzed in both the laminar and tangential planes. Although all brains used in this study were sectioned in the tangential plane, the corresponding Nissl-stained sections allowed determination of the approximate Figure 4 . Reconstruction of the bouton distributions in a representative tangential section through layer 2/3 from four normal (top) and four cross-modal (bottom) cases after BDA injections in AI. Each dot represents a single bouton. The BDA-labeled axonal arbors in normal ferrets were distributed mainly in an anteroposterior direction, along the same axis as the isofrequency domains. The case shown in the bottom right was the most atypical in that the boutons were arranged more medially than in the other cases. In cross-modal AI, the axonal projections and thus the bouton clusters were more widely distributed than in normal AI and were more likely to be found in the medial part of AI. In one case, there are two clusters ventral to the pseudosylvian sulcus which are likely located in AII rather than AI. Scale bar, 1 mm. laminar location of neuronal fibers and boutons by calculating their position in relation to the granule cell layer. BDA injections were targeted on layer 2/3 in AI, at a depth of 300 -500 m from the cortical surface, and thus the neuronal processes leaving the injection site originated primarily from those layers. However, in three normal and four cross-modal cases, a few clusters of horizontal connections could also be observed in the deeper layers. Bouton clusters also sometimes appeared in the secondary auditory cortical area, AII. In this study only boutons in layers 2/3 of area AI were analyzed. Occasionally, some of the labeled axons entered the white matter, but were never observed extending into the contralateral hemisphere. No apparent differences in the laminar extent of BDA-labeled fibers were consistently observed between normal and cross-modal cases, within the limitations presented by tangential reconstructions. Further information could be gathered on this topic by repeating this study and sectioning the tissue in the coronal plane.
DISCUSSION
The results of this study show that the characteristic horizontal connections between auditory cortical neurons can be altered by early anomalous visual input, and become less elongated than normal, deviating substantially from the isofrequency axis. In addition to the change in the pattern of horizontal connections, their number and zone of influence were increased. Therefore, our results support the hypothesis that local horizontal connections in cross-modal AI are susceptible to instruction from the visually driven pattern of activity in thalamocortical inputs during postnatal development. Because we have not altered the thalamocortical pathway in this paradigm, we suggest that the identity of the thalamic nucleus carrying the visual information does not influence this process, or at least that it cannot override the sensory modality-based instructions for constructing intrinsic cortical circuits.
Horizontal connections in normal AI are oriented along the anteroposterior axis
In primary visual cortex, long distance intracortical collaterals of pyramidal neurons link together neurons responding to similar stimulus features in a manner independent of their location (for review, see Rockland, 1998) . This general organizational feature has also been seen in primary auditory cortex of cats and ferrets, where horizontal connections link neurons along an isofrequency domain (Reale et al., 1983; Matsubara and Phillips, 1988; Ojima et al., 1991; Clarke et al., 1993) .
Our results show that the pattern of horizontal connections in normal ferrets is similar to that in cats, except that the trajectory of bouton clusters was oriented anteroposteriorly, roughly perpendicular to its orientation in cats (Reale et al., 1983) . However, the tonotopic map in ferrets is also perpendicular to that in cats, with high frequencies represented medially and low frequencies laterally (Kelly et al., 1986; Phillips et al., 1988) . Thus, the horizontal connections are oriented as would be expected if their function in ferrets and cats is to link neurons with similar sound frequency tuning. In the context of this study, we did not determine whether there was any restriction of connections according to binaural properties; this would be an interesting question for a combined anatomical/physiological study.
A previous report on horizontal connectivity patterns in normal ferret AI (Wallace and Bajwa, 1991) proposed that horizontal collaterals link neurons with both similar and different frequency tuning, unlike in cats. These results raised the interesting possibility that a species difference exists and that auditory stimulus features other than frequency are linked in an organized fashion in ferrets but not cats. However, our data on horizontal connectivity in normal ferret AI differ with this interpretation, because we found bouton clusters to be very strongly biased along the anteroposterior, isofrequency axis, and almost completely excluded from other regions. This difference is probably the result of a difference in methodology, because the injections in this study were smaller and perhaps more superficial than those in the other study. Larger injections would be expected to label more isofrequency laminae.
Horizontal connections in cross-modal AI are arranged in a semicircular pattern
We found that the pattern of long distance, horizontal projections in AI with early visual input was distinctly different from that in normal AI. Bouton clusters were arranged in a semicircle around injection sites, rather than being arranged anisotropically along the anteroposterior axis. The clusters were also greater in number and thus in the proportion of AI that they occupied. Despite these differences in number and pattern, the shape and size of the clusters was unaffected by visual input, and these characteristics are perhaps outside of afferent activity-based control. Our interpretation of these data are that the visually driven activity of thalamic inputs, and not their anatomical source, controls the organization of intracortical circuitry. This could occur via Hebbian mechanisms, based on correlated activation of neighboring retinal neurons or neurons with similar visual response properties.
In cat and ferret visual cortex, long distance axon collaterals are initially widespread, and bouton clusters only begin to develop postnatally (Rockland and L und, 1982; C allaway and Katz, 1990; Dalva and Katz, 1994; Durack and Katz, 1996) . Spontaneous activity is required for early cluster formation, whereas later stages of refinement are dependent on visually driven activity (Callaway and Katz, 1991; L öwel and Singer, 1992; Ruthazer and Stryker, 1996) . The development of horizontal connectivity in ferret or cat auditory cortex has not been studied, although callosal connections in cat auditory cortex show a similar, early diffuse developmental pattern as in cat V1 . There are several reasons to conclude that the circular arrangement of bouton clusters that we observed is driven by the visual inputs, and not by a lack of normal auditory input to AI in cross-modal animals. One is that our studies of callosal connections in deafened and cross-modal ferrets show that the cross-modal callosal connectivity pattern is distinct from the pattern in both the normal and deaf groups. Second, if the location of clusters outside of the isofrequency axis resulted from a lack of correlated input activity, it might be expected that they would remain only partially refined, as in deprived visual cortex. Instead, the clusters in the cross-modal animals actually looked more dense and compact than in normal animals. Furthermore, the number of clusters was greater than normal in the cross-modal cases. It is difficult to envision how a relaxation of cluster refinement mechanisms would result in an increased number of more refined clusters. Finally, our preliminary studies indicate that horizontal connections in deafened animals are diffuse and unorganized, suggesting that in the cross-modal animals the early anomalous visual inputs are driving the formation of specific projections from intracortically projecting pyramidal neurons Pallas and Gao, 1999) .
The functional role of the long distance projections in crossmodal AI cannot be determined from our anatomical data. There is a retinotopic map in cross-modal AI, and neurons tuned to visual stimulus orientation are also found there (Roe et al., , 1992 . The altered horizontal connectivity pattern may be responsible in part for the creation of these visual response properties in auditory cortex. An intriguing possibility is that the bouton clusters in cross-modal AI are organized as in visual cortex, where neurons with similar response properties, such as orientation tuning, are connected in an isotropic pattern across the retinotopic map. Although there is some suggestion that neurons in cross-modal AI with similar orientation tuning are clustered (Sharma et al., 1996) , it is unknown whether they are arranged in pinwheel fashion as in visual cortex. The resemblance seen between the arrangement of bouton clusters in AI and those found in normal ferret visual cortex (Weliky and Katz, 1994; Durack and Katz, 1996; Ruthazer and Stryker, 1996) is suggestive of a similar function. Alternatively, there may be a different substrate for bouton cluster organization in cross-modal AI that Figure 6 . Combined polar plots showing the locations of the centers of all bouton clusters from seven normal cases (lef t) and seven crossmodal cases (right). To align the plots from different animals, the horizontal axis of the plot (0 -180°) was aligned with the axis of the pseudosylvian sulcus in each case (Fig. 1) , and the polar coordinates of the center of each bouton cluster were recorded. Each case is represented by its own symbol. The clusters in normal animals were anisotropically arranged and were preferentially located within anterior and posterior sectors. In contrast, the labeled bouton clusters in cross-modal ferrets were arranged more isotropically and were located in all sectors.
is also roughly isotropic in pattern. Our f uture efforts will be directed at answering this question.
Implications for cortical specification
Cortical areal specification refers to a stepwise process whereby the fate ("identity") of a cortical region is progressively restricted. Different steps are likely to be controlled by different factors. There is substantial evidence that thalamocortical afferents play a role in establishing some aspects of regional identity. Several molecular markers are found only in certain cortical regions (Levitt, 1984; Arimatsu et al., 1992; Cohen-Tannoudji et al., 1994; Paysan et al., 1994) , and in at least one case marker expression seems to be triggered by thalamic input (Levitt et al., 1997) , but a causal relationship between marker expression and areal specification is difficult to establish. It is clear that there are detailed recognition mechanisms guiding thalamic axons to the proper cortical region (Ghosh et al., 1990; Suzuki et al., 1997; Castellani et al., 1998; Inoue et al., 1998; Mann et al., 1998) , suggesting that thalamocortical axons may instruct regional identity. This instruction could depend on the source of the thalamocortical axons, their activity pattern, or both. The results of this study, by showing that auditory thalamic axons carrying visual information can reorganize horizontal projections, strongly suggest that the organization of intrinsic cortical connections depends not on the source of thalamic inputs but on their modality-dependent activity patterns. The results f urther suggest that activity in this case is not merely permissive but instructive (Crair, 1999) .
Clinical evidence relevant to this issue includes the observation that in blind and deaf patients, the "unused" cortical area can be taken over and used by a different sensory modality (Neville et al., 1983; Sadato et al., 1996; Cohen et al., 1997; Kujala et al., 1997; Lessard et al., 1998) . Cross-modal plasticity has also been demonstrated in other animal models (Rebillard et al., 1977; Heil et al., 1991; Rauschecker, 1995) , but it has not been clear in each case whether the novel inputs reorganize cortical circuitry during development or whether they simply take advantage of existing circuits. Furthermore, it is not known whether the invasion and reorganization process is dependent on the pattern of activity or the identity of the thalamocortical afferents. Our results suggest that activity-dependent control over cortical circuit formation by thalamocortical afferents, based on correlated activity within neighboring regions of the retina, may explain a number of these observations. Furthermore, it may provide a general mechanism for cortical regionalization at the circuit level of organization. Such an afferent-driven organization rule would have broad implications for both the development and the evolution of mammalian sensory cortex. A, C luster size (average of height and width) was similar in both groups. B, Cluster shape as measured by elongation factor (major axis of patch divided by minor axis) was also not significantly different between the two groups. C-F, Comparisons at the level of bouton cluster patterns. C, The number of clusters was significantly greater in cross-modal than normal AI. D, C luster distance distribution. The distance of bouton clusters from the center of the injection site in both normal and crossmodal animals was similar. E, The area which was covered by bouton clusters (zone of influence) was also significantly larger in the cross-modal cases. F, Amount of scatter (SD) of bouton clusters away from the horizontal, isofrequency axis of the polar plots. This was a measure of the tendency of clusters to be more widely distributed in cross-modal than normal animals. There was a significant difference between the two groups.
